The mitochondrial ADP/ATP carrier imports ADP from the cytosol and exports ATP from the mitochondrial matrix. The carrier cycles by an unresolved mechanism between the cytoplasmic state, in which the carrier accepts ADP from the cytoplasm, and the matrix state, in which it accepts ATP from the mitochondrial matrix. Here we present the structures of the yeast ADP/ATP carriers Aac2p and Aac3p in the cytoplasmic state. The carriers have three domains and are closed at the matrix side by three interdomain salt-bridge interactions, one of which is braced by a glutamine residue. Glutamine braces are conserved in mitochondrial carriers and contribute to an energy barrier, preventing the conversion to the matrix state unless substrate binding occurs. At the cytoplasmic side a second salt-bridge network forms during the transport cycle, as demonstrated by functional analysis of mutants with charge-reversed networks. Analyses of the domain structures and properties of the interdomain interfaces indicate that interconversion between states involves movement of the even-numbered α-helices across the surfaces of the odd-numbered α-helices by rotation of the domains. The odd-numbered α-helices have an L-shape, with proline or serine residues at the kinks, which functions as a lever-arm, coupling the substrate-induced disruption of the matrix network to the formation of the cytoplasmic network. The simultaneous movement of three domains around a central translocation pathway constitutes a unique mechanism among transport proteins. These findings provide a structural description of transport by mitochondrial carrier proteins, consistent with an alternating-access mechanism.
The mitochondrial ADP/ATP carrier imports ADP from the cytosol and exports ATP from the mitochondrial matrix. The carrier cycles by an unresolved mechanism between the cytoplasmic state, in which the carrier accepts ADP from the cytoplasm, and the matrix state, in which it accepts ATP from the mitochondrial matrix. Here we present the structures of the yeast ADP/ATP carriers Aac2p and Aac3p in the cytoplasmic state. The carriers have three domains and are closed at the matrix side by three interdomain salt-bridge interactions, one of which is braced by a glutamine residue. Glutamine braces are conserved in mitochondrial carriers and contribute to an energy barrier, preventing the conversion to the matrix state unless substrate binding occurs. At the cytoplasmic side a second salt-bridge network forms during the transport cycle, as demonstrated by functional analysis of mutants with charge-reversed networks. Analyses of the domain structures and properties of the interdomain interfaces indicate that interconversion between states involves movement of the even-numbered α-helices across the surfaces of the odd-numbered α-helices by rotation of the domains. The odd-numbered α-helices have an L-shape, with proline or serine residues at the kinks, which functions as a lever-arm, coupling the substrate-induced disruption of the matrix network to the formation of the cytoplasmic network. The simultaneous movement of three domains around a central translocation pathway constitutes a unique mechanism among transport proteins. These findings provide a structural description of transport by mitochondrial carrier proteins, consistent with an alternating-access mechanism.
membrane protein | cardiolipin binding | X-ray crystallography | serine kinks | adenine nucleotide translocase M itochondrial carriers are a family of proteins that transport a diverse range of nucleotides, amino acids, inorganic ions, fatty acids, keto acids, and cofactors across the inner mitochondrial membrane (1) . The carriers link the biochemical pathways in the cytoplasm with those in the mitochondrial matrix, thereby playing key roles in many aspects of cell physiology. There are many rare, but severe, human diseases associated with defective mitochondrial carriers (2) .
The ADP/ATP carriers are archetypal members of the mitochondrial carrier family (3) . ADP/ATP carriers play the essential role of importing ADP into the mitochondrial matrix, where it can be phosphorylated by ATP synthase, and of exporting newly synthesized ATP into the cytosol, replenishing the cell with metabolic energy. ADP/ATP carriers have been intensively studied, because of their high natural abundance and the availability of specific inhibitors, which lock the carrier in two distinct states. The atractylosides, such as carboxyatractyloside (CATR) (4, 5) , lock the carrier in the cytosolic state (c-state) with the substrate-binding site accessible to the intermembrane space, which is confluent with the cytosol. Bongkrekic acid (6) locks the carrier in the matrix state (m-state), with the substrate-binding site accessible to the mitochondrial matrix.
Saccharomyces cerevisiae contains three isoforms of the ADP/ ATP carrier, AAC1 (7), AAC2 (8) , and AAC3 (9). Aac2p is the principal ADP/ATP carrier expressed in aerobically growing yeast, whereas Aac1p is only expressed at low levels (10, 11) . Aac3p is expressed almost exclusively under anaerobic growth conditions (9) , where it is thought to transport ATP produced by glycolysis into the mitochondrion (12) . Our current understanding of the function of mitochondrial carriers depends largely upon studies of Aac2p (3, 10, 11, (13) (14) (15) .
Mitochondrial carriers consist of three tandem related sequences, each proposed to be folded into two transmembrane α-helices linked by an extrinsic region (16) , and each containing the signature motif Px [DE] xx [KR] (17) . The projection structure of atractyloside-inhibited Aac3p in a lipid environment revealed a monomer composed of six transmembrane α-helices surrounding a central translocation pathway, arranged with threefold pseudosymmetry (18) . The atomic structure of the bovine ADP/ATP carrier (AAC1) in complex with CATR (19, 20) also showed three domains, each consisting of an odd-numbered transmembrane helix, a loop including a short matrix helix, and an even-numbered transmembrane helix. Proline residues in the highly conserved Px [DE] xx [KR] signature motif are found at sharp kinks in the oddnumbered helices. The charged residues of the motif form salt Significance ADP/ATP carriers are archetypal members of the mitochondrial carrier family of transport proteins, which are thought to operate by a common but unresolved mechanism. Members of this family play key roles in many aspects of cell physiology and are implicated in several severe human diseases. Here, we present the structures of Aac2p and Aac3p, ADP/ATP carriers from Saccharomyces cerevisiae, determined by X-ray crystallography. Together with mutagenesis and functional assays, the structures support an alternating-access transport mechanism involving domain-based motions, where salt-bridge networks act as gates, providing access to a central substratebinding site.
bridges on the matrix side, closing the central cavity to the matrix. These salt bridges constitute the matrix salt-bridge network.
The transport mechanism of mitochondrial carriers is unresolved. Previous proposals for the mechanism were based on a functional dimer (19, 21, 22) , but subsequent work has shown that carriers are functionally monomeric (23, 24) . The first step toward a mechanism consistent with a monomeric carrier was the identification of a single substrate-binding site in the central cavity, as shown by distance and chemical constraints (25) , molecular dynamics simulations (26, 27) , sequence analysis (28) , and mutagenesis (29) . Sequence analysis of the three homologous repeats found in members of the mitochondrial carrier family highlighted a conserved motif [YF] [DE]xx[KR] on the cytoplasmic side, which has been suggested to form a salt-bridge network when the carrier is in the m-state (28) . However, there is no experimental evidence that this network forms, and not all residues of this network have been modeled in the c-state, because density for the extreme C-terminal region is missing in the bovine AAC1 structures (19, 20) . Unfortunately, the m-state is highly unstable in detergent solution, preventing its structural characterization.
Here, we have determined the atomic structures of CATRinhibited Aac2p and Aac3p by X-ray crystallography. Each isoform was recombinantly expressed and crystallized in two different crystal forms. The structures reveal differences between the yeast and bovine orthologs and new features important for the mechanism. Based on structural and functional analyses, we provide evidence that mitochondrial carriers function via a domain-based alternating-access transport mechanism.
Results
Overall Structures of Aac2p and Aac3p. Structures of Aac2p were determined using data to 2.5-Å and 3.2-Å resolution from a C222 1 and P2 1 2 1 2 1 crystal, respectively. Structures of Aac3p were solved using data collected to 3.4-Å and 3.2-Å resolution from a P2 1 2 1 2 1 and P2 1 crystal of Aac3p, respectively. Data collection and refinement statistics are shown in SI Appendix, Table S1 . Aac2p and Aac3p share 52% sequence identity with bovine AAC1, and 90% sequence identity with each other. The ability to compare structures determined in different crystal forms allows the significance of similarities and differences in the structures to be assessed.
The yeast ADP/ATP carriers consist of six transmembrane α-helices (H1-H6), which are tilted by about 45°with respect to the membrane plane ( Fig. 1 A and B) . The odd-numbered transmembrane helices are kinked at proline or serine residues (discussed later), so that the carrier forms a barrel-like structure. The central cavity is open to the cytoplasmic side of the membrane, but closed to the mitochondrial matrix. There are three short α-helices on the matrix side (h12, h34, and h56) that are positioned at the surface of the membrane. Aac2p and Aac3p show threefold pseudosymmetry, in agreement with earlier observations (16, 18) . The overall fold is similar to that of the bovine ADP/ATP carrier (19) (SI Appendix, Table S2 ). Comparing all structures (B) Equivalent views of Aac2p (chain A of the P2 1 2 1 2 1 crystal). Odd-numbered helices are shown in green, even-numbered helices in yellow, matrix helices in blue, and linker helices in cyan. Cardiolipin and CATR molecules are shown in ball-and-stick representation, with gray-colored carbons for cardiolipin and blue-colored carbons for CATR. The cytoplasmic loop between H4 and H5 and part of the loop between H3 and matrix helix h34 are missing, and are indicated as wheat-colored dots, following the position of these elements in the bovine carrier. Red-dashed ovals show the location of the close-ups in C and D. (C) The N-terminal region of Aac3p (chain B of the P2 1 crystal). H1 is in green, and the rest of the structure in wheat. A symmetry-related molecule is shown in pale blue, and residues making crystal contacts to the N-terminal region are shown as sticks. (D) The C-terminal region of Aac2p (chain A of the P2 1 2 1 2 1 crystal). The C-terminal region is highlighted in yellow. In C and D, hydrogen bonds are shown by black-dotted lines. Side-chains for some residues in the N-and C-terminal regions have poor density, and have therefore been modeled to the Cβ atom.
reveals differences in the positions of helices, predominantly on the cytoplasmic side, especially for H1 and H6 (SI Appendix, Fig. S1 ). Differences in these regions are also seen between copies related by noncrystallographic symmetry, and are reflected in higher-temperature factors for these regions, indicative of the dynamic nature of the molecule. Electron density maps for all structures show clear density for the inhibitor CATR, bound in the central cavity, with similar binding interactions to the bovine AAC1 structures (19, 20) (SI Appendix, Note S1, Fig. S2 , and Table S3 ). Several of the yeast ADP/ATP carrier crystal forms reveal the presence of crystallographic dimers, but no consistent dimerization interface is found, confirming that carriers are structurally monomeric (SI Appendix, Note S2, and Fig. S3) .
Sequences of yeast ADP/ATP carriers show that they have a significantly extended N-terminal region compared with the mammalian orthologs. The P2 1 Aac3p crystal shows that H1 extends almost to the N terminus, protruding about 8 Å from the cytoplasmic surface of the protein ( Fig. 1 A and C) . This part is ordered because it is sandwiched between H1 and H2 of a neighboring molecule, whereas there is no density for it in the other crystal forms. Compared with AAC1, the yeast carriers have an extra turn of α-helix on the matrix end of H1 (SI Appendix, Fig. S4 ).
The P2 1 2 1 2 1 crystal of Aac2p reveals the position of the Cterminal region, which is complete in molecule A (Fig. 1D ). H6 shows regular α-helical hydrogen bonding up to residue Phe313, but then adopts a sharp turn at Gly314 (highly conserved among fungal and plant ADP/ATP carriers) and surprisingly folds back into the cavity. There are few interactions between the C terminus and the rest of the protein, although Phe317 (or Tyr in other fungal and plant ADP/ATP carriers) forms hydrophobic contacts with Met29 from H1, and an anion-π interaction with Asp26 (30), both conserved residues in fungal and plant ADP/ ATP carriers. The density for molecule B in the Aac2p P2 1 2 1 2 1 crystal and the molecules in the Aac3p crystal forms are consistent with the C-terminal region adopting the same fold.
Apart from the N-terminal region, there are no obvious structural differences between Aac2p and Aac3p. Both carriers can fully complement growth of the S. cerevisiae WB12 strain on nonfermentable carbon sources, indicating that the transport rates are not growth limiting. These results indicate that different isoforms exist to allow differential responses at the level of gene expression to changes in aerobic conditions.
Cardiolipin-Protein Interactions. Cardiolipin is known to bind tightly to ADP/ATP carriers (31) . Electron density maps reveal the presence of three cardiolipin molecules bound to the yeast carriers, in a pocket between the matrix helices and the matrix end of the even-numbered transmembrane helices ( Fig. 1 A and  B) . The cardiolipins lie in a similar position to those modeled in the bovine AAC1 structures (19, 20) . The electron density is strong for the phosphate moieties and glycerol backbone, but is present for only part of the acyl chains.
The 21 new observations of cardiolipin-binding sites make it possible to identify the common factors mediating lipid-protein interactions (SI Appendix, Table S4 ). Two highly conserved glycine residues lie close to the cardiolipin phosphate moieties, and play a key role in forming the binding-site. One residue is part of a highly conserved [YWF] [KR]G motif, which is crucial for function (32) and is responsible for the break between the linker and even-numbered helices, and the offset in their positions. The other glycine is part of a conserved [YF] xG motif at the N-terminal ends of the matrix helices in the majority of carrier sequences. The negatively charged phosphate groups of the cardiolipin molecules are positioned near the N-terminal ends of the helices. Here, they interact with the positively charged end of the helix dipoles ( Fig.  2A) and are able to form hydrogen bonds to the exposed amide groups ( Fig. 2B and SI Appendix, Table S4 ).
Cardiolipin binding was originally thought to be electrostatic in nature and mediated by lysine residues (31); however, the positively charged residues of the [YWF] [KR]G motif (Lys286 in Fig.  2B ) are not involved in cardiolipin binding, with their side-chains oriented away from the lipid in all of the cardiolipin-binding sites examined, with one exception (SI Appendix, Table S4 ). The conserved aromatic residues of the motif are involved in hydrophobic contacts with the acyl chain. There is no conserved binding site for the cardiolipin acyl chains, and they are observed to adopt a range of conformations, making hydrophobic contacts with the protein.
The Serine Kink in H3 Mimics Proline. The structure of bovine AAC1 showed that the proline residues in the mitochondrial carrier signature motifs (Px [DE] xx [KR] ) lie at sharp kinks in the oddnumbered transmembrane helices (19) . The structure around the signature motifs on H1 and H5 of the fungal ADP/ATP carriers shows the disruption of conventional α-helical hydrogen bonding at the proline, because of the loss of a backbone amide (Fig. 3A) .
The disruption, combined with steric restrictions at the proline, allows the kink in the helix. These prolines are highly conserved in the mitochondrial carrier family (28) , but the proline on H3 is substituted by serine in over 40% of ADP/ATP carrier sequences (14) , including Aac2p and Aac3p. This substitution is also found on H1 of yeast Ymr166c, a carrier of unknown function. Serine residues are frequently found near kinks in transmembrane helices because the side-chain can hydrogen bond to the backbone carbonyl of the i-3, i-4, or i+4 residue (33) (34) (35) .
The serine substitution in Aac2p and Aac3p leaves the kink in H3 intact, with the 50°kink angle being similar to that observed for the proline-containing odd-numbered helices (Fig. 3B) . In both cases, a network of interactions between amino acid side-chains helps to stabilize the extreme kink (Fig. 3) . Unexpectedly, the structures of Aac2p and Aac3p show that the serine kink differs from those observed in other structures. Analysis of the optimal hydrogen-bonding arrangements (36) shows that the side-chain of Ser147 makes an unusual hydrogen bond to its own backbone amide group, mimicking the structure of proline. This arrangement is rare (37), but not without precedence (38, 39). The sidechain of Ser147 also forms a hydrogen bond with the side-chain of Tyr177 on h34, a highly conserved amino acid among ADP/ATP carriers with serine in the signature motif on H3.
Glutamine Residues Brace the Salt Bridges of the Matrix Network.
The salt-bridge network at the matrix side of the cavity is formed by the charged residues of the signature motif Px[DE]xx[KR] (15, 19) . In all yeast-carrier structures, a conserved glutamine residue is found on the matrix side of the salt bridge between domains 1 and 3 (H1-H5), which forms hydrogen bonds with both charged residues (Fig. 4A) . One hydrogen bond is between residues of the same domain (intradomain, H1-H1) and one between residues of 1 and 3 (interdomain, H1-H5 ). In this configuration the residue forms a brace, helping to hold the salt-bridge residues in place. Highly conserved glutamine residues can be found in an equivalent position in all three domains of mitochondrial carriers (SI Appendix, Fig. S5 (28) . The atomic models of the bovine ADP/ATP carrier lack one of the residues of this putative cytoplasmic salt-bridge network because it is in the extreme C-terminal region, which is missing from the models. The C-terminal region of the yeast ADP/ATP carriers is fully resolved (Fig. 1D) , allowing all residues of the proposed cytoplasmic network to be modeled. Both the matrix and putative cytoplasmic networks are at the water-membrane interface, consistent with their role as gates in an alternating-access mechanism (Fig. 5A ). The residues of the proposed cytoplasmic network are positioned such that they could interact upon closure of the cavity at the cytoplasmic side.
To test the hypothesis that the cytoplasmic salt bridge forms during the transport cycle, residues of the matrix and proposed cytoplasmic network were mutated to create a network with only positively charged residues, only negatively charged residues, or with residues that have the opposite charge (Fig. 5B) . The mutant carriers with the altered networks were expressed in the cytoplasmic membrane of Lactococcus lactis. The mutants of the matrix network did not express (Fig. 5C ), indicating a crucial role in the biogenesis of the carrier, and no significant transport activity could be measured (Fig. 5D ). In contrast, mutants of the putative cytoplasmic network expressed to approximately wildtype levels (Fig. 5C ). Mutant carriers with an altered cytoplasmic network in which the six residues were either all positively or all negatively charged (three mutations each) were not active, as the same charge may oppose their interaction. However, when further mutations were introduced to interchange the residues of the cytoplasmic network (six mutations in total), the transport activity was restored to ∼14% of the wild-type rate (Fig. 5D ). The transport activity of the mutant with the reversed network was fully sensitive to CATR and bongkrekic acid, like the wild-type, demonstrating that the activity was specific and that the c-and mstates were still capable of binding inhibitors. These results are consistent with a transport mechanism in which salt bridges of the cytoplasmic network form through the interaction of positively and negatively charged residues.
Intradomain Interactions Predict Domain Rigidity. Three observations suggest that ADP/ATP carriers may function by domain motions. First, considering the bovine AAC1, Aac2p, and higherresolution Aac3p structures, there are significantly more intradomain polar interactions than interdomain interactions (P value 0.02, paired two-tailed t test) (SI Appendix, Table S5 ). More interactions are found on the matrix side of the carrier compared with the cytoplasmic side, indicating that these interactions stabilize the c-state. Second, interactions link the odd and matrix helices of a domain together. One of these intradomain interactions is between an arginine residue in H1 and H5 and a glutamate residue of a highly conserved EG motif at the C-terminal end of matrix helices h12 and h56, respectively (Fig. 6A) . In bovine AAC1, only the intradomain interaction in domain 3 is observed (20) . In domain 2 of the yeast carriers, the glutamate residue on matrix helix h34 is replaced by aspartate, whose shorter side-chain cannot bridge the distance to the arginine on H3. In Aac2p, the arginine (Arg154) is linked to Thr180 in the matrix helix via a hydrogen-bond network involving Tyr150, compensating for the loss of interactions with Asp184. On the basis of sequence conservation, these intradomain interactions are likely to be important for carriers in general. Third, at the cytoplasmic side aromatic residues dominate the intradomain interhelical interface ( Fig. 6B ): five in the H1-H2 interface, five in the H3-H4 interface, and three in the H5-H6 interface. Many of these residues are conserved in all three domains of mitochondrial carriers, consistent with their importance for function (32, 42, 43) . The residues are bulky, with few rotamers, allowing them to form a rigid interface. Clusters of small residues are found on the matrix side of the intradomain interfaces. Some of these clusters mediate intradomain interactions; for example, in Aac2p, Asn90, Thr39, and Ser42 comprise a hydrogen bond network in the H1-H2 intradomain interface, and a hydrophobic cluster is found in the H3-H4 intradomain interface (Ala139, Leu142, Phe193, and Val197). Together, these three observations are consistent with the helices of each domain moving together as a rigid-body.
Residues in the Interdomain Interface Predict Domain Motion. The surface of the interdomain interfaces on the odd-numbered α-helices consists almost entirely of amino acid residues with no or small side-chains, except for the cytoplasmic ends (Fig. 6C ). This includes the well-conserved symmetrical sequence motif GxxxG, where the glycines are positioned on the same face of the helix separated by one turn, which has been shown to be important for function (42). These motifs are commonly found in membrane proteins in regions of interhelical close contact (44).
On the even-numbered α-helices, hydrophobic residues face the membrane and hydrophilic residues face the cavity, neither pointing toward the odd-numbered α-helices (Fig. 6D) . The only exceptions are at the N-terminal end, where Ala92, Pro195 and Ala290 (Aac2p) point directly into the interface, but they have fairly small side-chains. These properties are consistent with a dynamic interdomain interface.
Discussion
In general, transporters of ions and small solutes have been proposed to function according to an alternating-access mechanism (3, 45) . Key requirements for this mechanism are a central substrate-binding site and two flanking gates that regulate access to either side of the membrane. For mitochondrial carriers, no structural mechanism has been defined. The availability of atomic models of mitochondrial carriers from different species, and in different crystal forms, allows us to identify the molecular features that govern transport by an alternating-access mechanism.
The matrix salt-bridge network is part of the gate that closes the cavity to the matrix side of the membrane in the c-state (15, 19) . The charged residues of the matrix salt-bridge network form hydrogen bonds to glutamine residues, which provide additional stabilization by forming a brace (Fig. 4A ). The number of these braces differs between mitochondrial carriers of different function (Fig. 4B) . The high degree of conservation of the glutamine residues in equivalent positions in the three domains indicates an important role for these interactions in the transport mechanism. It has been suggested previously that the interactions of the network provide an energy barrier that has to be overcome by substrate binding in order for the substrate to be translocated (28) . The interdomain braces strengthen the interaction network and increase the magnitude of the energy barrier. The yeast ADP/ATP carriers have one brace and three salt bridges in the extended matrix network, providing a significant energy barrier that prevents conversion to the m-state in the absence of substrate. A single substrate-binding site has been identified in the central cavity, which corresponds to the middle of the membrane (25, 29) . There is consensus on the residues involved in ADP binding to the ADP/ATP carrier (25) (26) (27) (28) . The adenine moiety is bound in a hydrophobic pocket, which in Aac2p consists of Gly199, Ile200, and Tyr203, and the major interaction is an aromatic stacking arrangement (Fig. 5A) . The two phosphates, carrying three negative charges, are most likely to be bound by three positively charged residues Arg96, Arg294, Lys38 (28) , and possibly also Arg253 (26, 27) . Thus, the interaction energy of substrate binding matches that of the extended matrix salt-bridge network, allowing conversion to the m-state only when substrate is bound, enforcing a strict equimolar exchange mechanism (3, 28) . The citrate (Ctp1) and oxodicarboxylate (Odc1) carrier might have two and three braces, respectively, indicating that the interaction energy of the extended network differs between carriers. Here the interaction energies could also balance if interactions with negatively charged residues involved in proton coupling are also considered (46). The extra helical turn on the matrix side of H1 in the yeast ADP/ATP carriers causes H1 to end close to the position of the central threefold pseudosymmetry axis (SI Appendix, Fig. S4 ), increasing the thickness of the matrix gate by ∼3 Å.
Here, experimental evidence for formation of the cytoplasmic salt-bridge network during transport is presented. This network forms part of the cytoplasmic gate when the carrier is open to the matrix side. The new structures reveal the position of the C-terminal region of the carriers, allowing all of the residues involved in the cytoplasmic salt-bridge network to be modeled. The C-terminal region folds back into the central cavity, and may form an additional component of the cytoplasmic gate at the cytoplasmic side of the network. Consistent with this role, large fluorescence changes are observed upon ATP binding in an Aac2p mutant that has a single tryptophan at the position of Phe317 (13) . The thicker gates flanking the central substratebinding site in the yeast ADP/ATP carriers have been reduced in the mammalian counterparts, which could reflect adaptations to challenges in different environments.
We have investigated the roles of the tripartite structural features in a transport mechanism in which each domain functions as a unit in the transport cycle. There are significantly more polar interactions within domains than between domains. Conserved hydrogen-bond networks link the odd and matrix helices of the domain together. There are significantly more polar interactions on the matrix side of the carrier than on the cytoplasmic side, where bulky aromatic residues lie between the helices of the domain. Taken together, these observations support the notion that the domains function as rigid-bodies in the transport cycle. The observation that the transmembrane helices are at a 45°tilt implies that the domain motions are within the membrane plane, otherwise domains would clash.
At the interdomain interface, the odd-numbered α-helices only have residues with small side-chains, whereas the evennumbered α-helices have residues that point either into the membrane or into the cavity. This arrangement would allow the even-numbered α-helices to move across the surface of the oddnumbered α-helices (Fig. 7) . In this way, the hydrophobic residues on the even-numbered α-helices remain facing the membrane, whereas the hydrophilic residues keep facing the cavity. Once the even-numbered α-helices have moved into the center of the carrier, the positively and negatively charged residues of the cytoplasmic network engage, closing the carrier on the cytoplasmic side. For this mechanism to work, it is required that the axes of rotation are around the odd-numbered α-helices. The L-shape of the odd-numbered α-helices, because of sharp kinks at proline or serine residues (Fig. 3) , plays a key role in this mechanism. Serine acts as a proline mimic, explaining why Ser147 can be mutated to Pro without dramatically changing the transport kinetics of the carrier (14) . Proline or a proline mimic allows regular hydrogen bonding to be broken at the kink. Analysis of mutants at the proline position suggests that maintenance of the kink is crucial for transport (42). The L-shape is maintained by a network of interactions between amino acid side-chains, predominantly on the matrix side of the kink. The L-shaped arrangement could function as a lever, coupling outward motion at the matrix side of the odd-numbered α-helices during disruption of the matrix network to an inward motion of the cytoplasmic end of the even-numbered α-helices, allowing formation of the cytoplasmic network. The domain motions must be simultaneous, otherwise clashes and gaps in the protein structure would occur. A simultaneous motion of the three domains around a central translocation pathway is unique among transport proteins.
The tightly bound cardiolipin molecules are important but not essential for function (47-49). The cardiolipins are positioned with their phosphate groups at the N-terminal ends of the evennumbered and matrix α-helices, acting as a cap. The phosphate moieities of cardiolipin provide hydrogen-bonding partners to the amide groups at the ends of the helices. Without these hydrogen-bond acceptors, polar amide groups would be exposed in a hydrophobic environment, which would be energetically unfavorable. The position of the cardiolipin phosphate groups also allows an electrostatic interaction with the helix dipoles, stabilizing binding of cardiolipin, which is likely to carry two negative charges at physiological pH (50). When modeled as a macrodipole in a low dielectric medium, a helix dipole provides the effect of isolated half-unit charges, positive at the N terminus and negative at the C terminus (51, 52). Theoretical models confirm a relatively large helix dipole effect for transmembrane helices, where one end is exposed to solvent and one within the lipid bilayer (53), as is observed for the even-numbered and matrix helices. Hydrogen bonding, together with electrostatic interactions with the helix dipoles, explains the tight binding of cardiolipin to ADP/ATP carriers.
Mitochondrial ADP/ATP carriers are one of the most highly expressed proteins in the inner membrane, which has a high protein density. The dimeric structure of cardiolipin links the even-numbered helix from one domain with the matrix helix from a neighboring domain. We propose that this interface is mobile, and thus cardiolipin may help protect a dynamic region of the carrier. Cardiolipin could allow close packing of protein monomers by preventing interactions with other proteins, which could impede conformational changes. Cardiolipin could therefore act as "grease" at a dynamic interface.
In conclusion, the structures combined with functional analysis of mutant carriers have allowed us to identify the molecular features involved in the interconversion between c-and m-states, consistent with an alternating-access mechanism. We have determined the structures of two mitochondrial ADP/ATP carriers by using recombinant, rather than native, proteins, which opens the way for structural studies of other mitochondrial carriers.
Methods
The AAC2 and AAC3 genes were each cloned into a modified pYES3 vector, with an N-terminal His tag and Factor Xa cleavage site upstream of the carrier gene. Recombinant Aac2p and Aac3p proteins were expressed in S. cerevisiae strain WB12. Mitochondria were prepared from disrupted cells, and protein solubilized with undecyl-β-D-maltoside. Proteins were purified by Ni Sepharose affinity chromatography, and exchanged into 5-cyclohexyl-1-pentyl-β-D-maltoside (Aac2p) or n-decyl-β-D-maltoside (Aac3p) while bound to the Ni Sepharose resin. Following Factor Xa cleavage and concentration, protein was crystallized using vapor diffusion techniques. Both proteins were crystallized in two different crystal forms, and data collection was performed at the European Synchrotron Radiation Facility beamline ID23-2. The structures were solved by molecular replacement, initially using the coordinates of the bovine ADP/ATP carrier (P2 1 2 1 2 crystal form, PDB ID code 1OKC) as a search model. Functional assays were performed on protein expressed in Lactococcus lactis under the control of a nisin A-inducible promoter. Following expression, membranes were isolated and fused with liposomes, and transport rates determined by measuring uptake of 14 C-labeled ADP. Detailed materials and methods can be found in SI Appendix, Methods. 
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Supplementary Information
Note S1: Inhibitor binding site Density maps for all structures after molecular replacement (2mF o -DF c and mF o -DF c maps, CATR excluded from the search model) showed extra density within the protein cavity, attributable to the inhibitor CATR, which could be modelled into the density (Fig. S2) . We have modelled CATR with a β-D-glucoside ring, rather than the α-D-glucoside originally modelled in the structures of bovine AAC1 (1, 2). A β-D-glucoside ring is consistent with the X-ray crystal structure of atractyloside, and with a remodelling of CATR in the bovine AAC1 P2 1 2 1 2 structure (3). The change in anomer of the glucoside ring does not significantly alter the interactions of CATR with binding-site residues in bovine AAC1 (see Table S3 ).
The new structures show that CATR binds to Aac2p and Aac3p in a similar manner to the bovine AAC1 structures. CATR is bound deep within the cavity, displaced from the three-fold pseudo-symmetry axis, with the diterpenoid moiety towards the matrix side. The inhibitor is bound by multiple salt bridge and hydrogen bond interactions. The nature of these interactions differs slightly depending on the crystal form (see Table S3 ). The two sulfate groups form salt bridges to Arg and Lys residues. Aac2p forms interactions from Arg204 to sulfate oxygen atom O10 (3.1-3.3 Å distance, depending on the crystal form), and from Lys108 to sulfate oxygen atoms O10 (2.9-3.4 Å distance) and O15 (2.7-3.1 Å distance). Aac3p shows salt-bridge interactions from the equivalent residues Arg193 and Lys97 to the sulfate groups. The interaction distances vary in the four Aac3p molecules observed in the crystal structures (two molecules in the asymmetric unit for both P2 1 2 1 2 1 and P2 1 crystal forms), due to subtle differences in the binding-pocket of these molecules. 
Note S2: Aac2p and Aac3p are monomeric
The oligomeric state of a protein can be crucial to understanding how it functions. Early biochemical and biophysical experiments suggested that mitochondrial carriers were dimeric, but recent data indicate that mitochondrial carriers are monomeric in structure and function (9) . Native oligomers are often retained in purification and crystallization (10) (11) (12) ). An AAC1 dimer was observed in the C222 1 crystal form (1) (Fig. S3H) , and postulated to represent a functional dimer.
However, the interactions are mediated principally by cardiolipin molecules, and the surface area is less than 500 Å 2 and may simply represent crystal contacts. Fig. S3B to D) , two in the P2 1 2 1 2 1 Aac2p crystal ( Fig. S3E and F) , and one in the C222 1 Aac2p crystal (Fig. S3G ). Of these candidates, A, B and F show a tilt of the 3-fold pseudo-symmetry axis with respect to the membrane plane, making them unlikely candidates for a native dimer (although crystal contacts could perturb the interface). In all cases, the interface area is low (<850 Å 2 per monomer), and is less than 6% of the total surface area of a monomer. Cardiolipin molecules sit between the monomers for 6 of the 7 identified interfaces, and contribute to 20-80% of the interface area. However, the relatively non-specific nature of lipid-protein interactions makes them unlikely candidates for forming a key component of a functional dimer interface (9) . Interfaces C, E and G are similar and represent preferred packing seen in both Aac2p and Aac3p. This interface includes a lysine-glycine hydrogen bond, which involves the backbone carbonyl of glycine, and thus is unlikely to confer functionality on the interface. This interface is not observed in the Aac3p P2 1 2 1 2 1 or AAC1 C222 1 crystal forms. Thus, no consistent interface is found for all carriers for which there is structural information. The lack of a dimerization interface is consistent with earlier work showing that Aac2p and Aac3p are monomeric in detergent solution (13) , and that Aac2p functions as a monomer in the mitochondrial membrane (14) .
Methods

Construction of yeast expression strains
The Aac3p construct was prepared as described previously (15 Aac2p and Aac3p were purified as described previously (17) Cymal-5 for 4-5 h. The protein was harvested, and concentrated to 6-7 mg ml -1 using
Amicon Ultra Centrifugal Filter Units (50,000 molecular weight cut-off). The protein concentration was determined using the BCA method (Pierce). Aac3p was solubilized in 2% (w/v) undecyl β-D-maltoside, and exchanged into n-decyl-β-D-maltoside (DM) (Anagrade, Affymetrix). After Factor Xa cleavage, residual protease was removed using Xarrest Agarose (EMD Millipore), and the protein was concentrated to 6-7 mg ml -1 . Following purification, protein was either used immediately in crystallization trials, or flash frozen and stored in liquid nitrogen.
Crystallization and data collection
Crystals were initially obtained of Aac3p, using an in-house systematic crystallization screen. The conditions. Many of these crystals showed streaky or split diffraction spots, probably due to pseudo-merohedral twinning, and were unsuitable for structure determination.
Fortunately, one crystal did not show these defects. This crystal was grown using the The small size of the crystals (typically 25-50 µm x 10-20 µm x <10 µm, although the C222 1 Aac2p crystals tended to be slightly larger) meant that screening and data collection were dependent on microfocused synchrotron X-ray beamlines.
The datasets used for structure determination came from crystals collected at 100 K on the European Synchrotron Radiation Facility (ESRF) beamline ID23-2, using a 10-µm beam. Both Aac3p and the Aac2p P2 1 2 1 2 1 datasets were collected from two positions on their respective crystals. A helical data collection strategy was used to collect the Aac2p C222 1 dataset (18).
Intensities for the Aac2p C222 1 crystal were integrated using the program iMosflm (19) and merged using Scala from the CCP4 suite (20) . The C222 1 crystals showed anisotropic diffraction and evidence of diffuse scattering. Intensities for the Aac2p P2 1 2 1 2 1 , and the Aac3p P2 1 2 1 2 1 and P2 1 crystals, were integrated using XDS (21) , and merged using Aimless (22) . The programs Pointless (22, 23) and phenix.xtriage (24) were used to check data quality and space-group assignments.
Data collection statistics are shown in Table S1 .
Structure determination and refinement: Aac2p
Structure determination was initially carried out using a C222 1 crystal that diffracted to 3-Å resolution. Phases were determined by molecular replacement (MR) using the program Phaser (25) , and the coordinates of the bovine ADP/ATP carrier (P2 1 2 (26), and refinement was performed with Refmac, initially using jellybody restraints (27) . At this stage, a dataset to 2.5 Å resolution was collected, and structure determination was continued against this dataset, retaining the original R free reflection set. Refinement was continued with autoBUSTER with LSSR restraints (28) .
Despite model building and refinement, it was not possible at this stage to decrease R free below 37%. The data was reprocessed in the subgroups of C222 1 , and analysis showed that the crystals were not twinned in these space-groups. The subgroup R free sets incorporated the C222 1 symmetry to avoid bias. Refinement in the P2 1 space-group led to a 3-4% drop in R free , and further model building was pursued in this space-group. Density maps revealed the position of lipids, interpreted as cardiolipin molecules. Refinement using Refmac with TLS parameterization (29) resulted in a model with R free below 30%. TLS groups were determined using phenix.find_tls_groups, from the Phenix suite of programs (24) . Since there were no significant coordinate differences between the two molecules in the P2 1 asymmetric unit, refinement was tested again in the C222 1 space-group. Using phenix.refine (30) with TLS, secondary structure restraints and optimization of stereochemistry and atomic displacement parameter weights, it was possible to refine the model in the Residues 160-167 and 215-227 are unmodelled owing to poor density. The electron density maps for the C222 1 crystal form had poor density in some regions, for example in matrix helices h12 and h34 (see Fig. 1 for overviews of the structures).
Structure determination using the P2 1 2 1 2 1 crystal form was therefore pursued.
Phases for the P2 1 2 1 2 1 crystal were determined using a preliminary model of Table S1 .
Coordinates and restraints for CATR were generated using the Grade web server (http://grade.globalphasing.org), using the isomeric SMILES string from the International Union of Basic and Clinical Pharmacology Database (www.iuphardb.org, ligand ID 4572), and edited using JLigand (31) to reflect the charges on the carboxylate and sulphate groups. Coordinates and restraints for NG and cardiolipin were obtained from the Refmac monomer library. The restraints for cardiolipin were edited in JLigand to correct the stereochemistry of the phosphatidyl residues (32).
Structure determination and refinement: Aac3p
Phases were initially determined for the P2 1 Table S1 . Figures were generated using Pymol (www.pymol.org).
Site-directed mutagenesis
Genes were amplified for polymerase chain reaction (PCR) by using KOD HotStart polymerase (Novagen) following the instructions of the manufacturer. Sitedirected mutations in the structural gene of aac2 in the pYES-Paac2-AAC2 vector (14) were introduced by using the overlap-extension PCR-based method (33) or the Quikchange II site-directed mutagenesis kit (Stratagene). For the introduction of multiple mutations several rounds of site-directed mutagenesis were performed. For optimal expression in Lactococcus lactis residues 2-19 of the wild-type and mutant genes were removed by PCR and the resulting genes were cloned into the expression vector pNZ8048 under the control of a nisin A-inducible promoter (34, 35) . The plasmid was transformed in L. lactis strain NZ9000 by electroporation, as described (35) . *Protein residue labelling is based on the S. cerevisiae Aac2p sequence (except for the non-bonded contacts). CATR atom labelling is shown in Figure S2 . 
Growth of L. lactis and isolation of membranes
